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Introduction
As part of the global effort to mitigate carbon dioxide emissions from coal fired power plants, oxy fuel combustion has emerged as a promising alternative to conventional technologies. As nitrogen is eliminated from the inlet gas, and coal is burnt in a mixture of oxy gen and recirculated flue gas, the exhaust gas contains mainly CO 2 and H2O, allowing easier separation of CO2 for sequestration. The changed gas composition raises the question of fireside corrosion resistance of structural alloys in CO 2 + H 2O rich atmospheres [1 ] .
Ferritic and austenitic chromium containing steels are used for various heat resisting applications at moderate temperatures. However, Fe Cr alloys are particularly prone to breakaway oxida tion, defined as a rapid acceleration of the reaction rate. Breakaway is assoàated with the rapid growth of Fe rich oxides on alloys ini tially forming protective Cr rich oxide scales.
Commercial and mode) Fe Cr materials which oxidise protec tively in air have been shown to suifer breakaway oxidation in CO2 [ 2 4 ]. The deleterious effectofCO2 was related [2] to the exten sive internai precipitation of chromium rich carbides, which hin ders the outward diffusion and selective oxidation of chromium.
Similarly, the addition of H2O to a gas mixture, or its substitu tion for oxygen, is known to trigger breakaway oxidation of Fe Cr alloys [5 9 ]. Various explanations of this effect have been proposed. Chromia scales have been shown to grow faster in the presence of H 2 O [ 9 12 ], which has been attributed to hydrogen dissolution (in the form of OH ) in the oxide [13] . The dissolution and Ni (99.95% pure). Ingots were annealed in Ar 5%H2 at 1150 °C for 48 h, and eut into rectangular samples of approximate dimen sions 14 x 6 x 1. 5 mm. The phase constitution of annealed materi ais determined by XRD analysis is indicated in Table 1 . The single phase alloys had coarse grained ( ~500 µm) microstructures, while the two phase alloys presented a finer (~10 µm) y a substruc ture. Specimens were mechanically ground to a 1200 grit finish, degreased and ultrasonically cl eaned in ethanol before reaction.
Isothermal corrosion experiments were conducted at 650 °C in Ar 20%CO 2 , Ar 20%CO 2 5%H 2 O and Ar 20%CO 2 20%H 2 O mixtures at a total pressure of about 1 atm. Linea r gas fl ow rates were set at about 2 cm s 1 . The wet gases were generated by passing a mixture of Ar and CO 2 through a thermostatted water saturator. The dis tilled water in contact with the gas mixture was set at a tempera ture about 20 °C higher than that required to pro duce the nominal p(H 2 O). Excess water vapour was subsequently condensed by cool ing the wet gas in a distillation column. Oxygen partial pressures in these mixtures are so low (~1 x 10 8 atm) that chromium volatil isation is negligible.
Reaction products were analysed by X ray diffraction (XRD) using a Phillips X'pert Pro MPD diffractometer. Imaging and chem ical analysis were carried out by optical microscopy (OM) and scanning electron microscopy combined with energy dispersive X ray spectroscopy (SEM EDS), using a LEO 435VP microscope with PGT IMIX EDS system. Raman spectroscopy was performed using a Horibajobin Yvon Labram HR 800 Raman microscope with an argon laser (wavelength 532 nm, power 20 mW), with a spatial resolution of 1 µm. The spectra of oxide phases in the Fe Cr O sys tem were interpreted using the wo rk of McCarty and Boehme [21] , who studied Raman signatures of the spinel (Fe 3 xCr..0 4 ) and corundum type (Fe 2 xCrxO 3 ) solid solutions. The spectral resolu tion was 0.4 cm 1 , which allowed the oxide composition to be determined in a semi quantitative way [21] . Metallographic obser vations were carried out on polished and etched cross sections. Etching with Murakami's reagent (1 g K 3 Fe(CN) 6 and 1 g KOH in 10 ml H 2 O) revealed carbides.
Results

Overview
Exposure of Fe 20Cr, Fe 20Cr 10Ni, Fe 20Cr 20Ni and Fe 25Cr to dry and wet CO 2 resulted in non uniform oxidation morphologies, as the alloys produced both a thin oxide scale and thicker oxide nod ules characteristic of breakaway ( Fig. 1 ) . In contrast, Fe 25Cr 1 0Ni and Fe 25Cr 20Ni suffered no breakaway oxidation within the duration of the experiments, forming mainly a thin protective scale.
Total weight gains and surface fractions of nodular oxide varied considerably; the effects of alloy and gas composition on the kinet ics of breakaway oxidation are reported in a companion paper [22] .
Reaction products
After reaction in both dry and wet C0 2 , analysis by XRD of oxidised specimen surfaces revealed the presence of Cr 2 O 3 as the only oxide in the case of Fe 25Cr 1 0Ni and Fe 25Cr 20Ni. Optical microscope examination of the specimen surfaces revealed the presence of isolated nodules, 1 30 µm large. The nodules covered a very small fraction of the surface are a, and only the thin chromia scale was seen in metallographic cross sections. After reaction of ail other allo ys in dry and wet CO 2 , Cr 2 O 3 , Fe 2 O 3 and Fe 3 Ü 4 were de tected by XRD. Individual nodules approximately circular in plan ( Fig. 1 ) and elliptical in cross section ( Fig. 2 ), and extensive are as of iron oxide formation were observed, along with regions of pro tective chromia scale.
Fe 20Cr
During exposure to dry CO 2 , the Fe 20Cr alloy produced a thin protective oxide scale and multilayer nodules, either isolated or forming semi continuous scales of uniform thickness (Fig. 2 ) . The only differenoe observed after exposure to Ar 20CO 2 5H 2 O and Ar 20CO 2 20H 2 O was that the extent of nodule formation was greater than in the dry gas, such that a multilayer scale of uniform thickness was observed on most of the cross sections. Nodules ap peared to be randomly distributed; in particular, nodule formation was not more important on the specimen edges than on the faces Fe-rich oxide (see Fig. 2 ). On a given specimen, that is, after a given reaction time, nodules of various dimensions were obseived. However, large nodules and uniform scales ait had the same phase constitu tion, regardless of reaction time or gas composition. A smalt oxide nodule formed on Fe 20Cr after 80 h reaction in Ar 20CO 2 is shown in Fig. 3 , along with an EDS profile recorded along the right hand arrow. The outer part of the nodule consists of iron oxide (zone 2 ), located above the originalty protective scale; a chromium rich oxide (zone 3) lies in a layer continuous with the protective scale surrounding the nodule; an internai oxidation zone with roughly equal concentrations of iron and chromium (zone 4) is found beneath the metal/oxide interface; and a semi connected array of chromium rich carbides lies in the narrow zone 5 paraltel to the metal surface, under the internai oxides. Unre acted altoy (zone 6) lies beneath. The SEM EDS results must be considered with caution: the analysis is quantitative only in the metal phase, and qualitative in oxide and carbide phases. Since the region probed is about 1 µm wide, when a point analysis is made on a smalter feature, part of the signal cornes from the sur rounding ph ase. ln particular, for smalt Cr rich features surrounded by Fe rich environments, such as the internai oxide and carbide in zones 3 and 5, the Cr/Fe ratio is underestimated.
Raman spectra recorded on Fe 20Cr after 120 h reaction in Ar 20CO2 from a similar nodule are shown in Fig. 4 . Using data in Ref. [21] , the protective scale (zone 1) is identified as Cr rich M 2 O 3 , the nodule outer layer (zone 2) as Fe rich M 2 O 3 , the layer which is con tinuous with the protective scale (zone 3) as Cr rich M 2 O 3 , and the internai oxide particles (zone 4) as Fe Cr spinel. These phases are ait consistent with the compositions determined with SEM EDS. Data in Ref. [21] were used to construct the graph of Fig. 5 , where the Raman shift of the A1 g symmetry (main band at 680 670 cm 1 ) in the Fe Cr spinel is plotted against the chromium content, ex pressed as x in Fe 3 xCrxO4. A given Raman shift possibly corre sponds to several compositions. The internai oxides (zone 4) present a Raman band at 680 cm 1. which could correspond to x = 0.3, 0.9 or 1.6. On the basis of several EDS point measurements in the internai oxidation zone, the average Cr/Fe ratio yields x = 1.3, which must be underestimated, as discussed previously. The inter nal oxides are therefore identified as FeuCr 1_6 O 4 . A typical uniform multilayer scale observed on Fe 20Cr after 80 h reaction in dry CO 2 yielded the SEM images and the EDS pro file shown in Fig. 6 . Both outer layers (zones 7 and 8) consist of iron oxide. At the location of the original metal surface, a layer contain ing more chromium than the adjacent phases can still be distin guished (zone 9 in Fig. 6(b) ). An intermediate layer of this sort is distinguished in ait multilayer nodules and scales, and is always continuous with the protective Cr 2 O 3 on the adjacent altoy surface. lt is notable that this remnant of formerly protective Cr 2 O 3 scale is never visibly disrupted by the iron rich oxide, as shown in Fig. 7 . The inner layer is a two phas e mixture (zone 10 in Fig. 6 (c)) con taining iron and chromium. Beneath it lies an internai oxidation area (zone 11). The volume fraction of internai oxides.fv-ox, varied with location in a gi v en specimen, but did not change significantly with gas composition or reaction time. Image analysis after reac tion in dry and wet CO2 yielded/v-ox = 0.7 ± 0.1. The Raman spectra in Fig. 8 were recorded in zones correspond ing to those described above, after 120 h reaction of Fe 20Cr in dry CO 2 . Using data in Ref. [21 ] , the outerrnost layer was identified as EDS provides x = 1.6, the phase is identified as FeuCru,O4. [23] ). The Fe 20Cr alloy also suffered carburisation. Internai precipi tates were revealed by etching with Murakami's reagent, and iden tified as carbides by SEM EDS. Raman signais were obtained from the carbides. However, as no referenoe data were found, these spectra could not be interpreted. The precipitate morphology and penetration depth varied with the nature of the overlaying oxide. Intergranular carbides were found throughout reacted specimens, from the shortest exposure time (40 h). Underneath Cr 2 O 3 scales, C .. intragranular carburisation was either absent or limited to a more or less continuous plate (zone 5 in Fig. 3 ), paraltel to the altoy sur face at a shaltow ( <20 µm) depth. The thickness of this plate was approximately constant with time between 40 and 120 h. The for mation of nodules was independent of the presenoe or absence of intragranular carbides underneath the surrounding Cr2O3. Intra granular carbides were present beneath most, but not ait, of the smalt nodules. Once the Fe rich oxide became more or less uniform in thickness, intragranular carburisation was extensive (zone 12 in Fig. 6 ), with penetration depths of about 100 µm in 240 h of reac tion. Carburisation results have been reported in more detail else where [24] .
Chromium depletion profiles undemeath the protective Cr 2 O 3 scale grown on the Fe 20Cr altoy after 80 h exposure to dry CO 2 were measured using SEM EDS, in several carbide free ( e.g. Fig. 9 (a)) and carbide containing (e.g. Fig. 9 (b)) zones. The profiles thus recorded are grouped according to the local Cr 2 O 3 scale thick ness in Fig. 9 (c e), with results from carbide free and carbide con taining regions represented by filted and open symbols, respectively. The reproducibility of the measured chromium con centration profiles was very good for a given scale thickness, as shown in Fig. 9 (c e). The same measurements were made after exposure of the Fe 20Cr altoy to Ar 20CO 2 20H 2 O (not shown here). No difference in chromium depletion could be seen between reaction in dry and wet gas, and similar Cr 2 O 3 scale thicknesses were observed in both cases.
Fe 25Cr
The Fe 25Cr altoy formed different oxidation products ( Fig. 10 ), which can be classified in three morphological types ( Fig. 11 ): a thin protective scale, thick multilayer nodules and multilayer oxi des of intermediate thickness, referred to as "healed scale". Thicker nodules were observed to form preferentially on the specimen edges. The only differenoe between products formed in different reaction gases was the proportion of each oxide type.
Raman spectra obtained from a specimen reacted 240 h in Ar 20CO 2 are shown in Fig. 12 for the locations indicated in Fig. 11 . The protective scale (zone 1) is Cr rich M 2 O 3 . On the healed scales ( Fig. 11(a) ), the outer layers are Fe rich M 2 O 3 (zone 2) and M 3 O 4 (zone 3). The inner layer (zone 4) is a spinel, with a main band at 678 cm 1 , corresponding to x = 0.2, 1 or 1.5 in Fe 3 x Cr x O 4 . Ch emical analysis using SEM EDS was performed on this layer at several equivalent locations (not shown). The results varied considerably with analysis location, with Cr/Fe ratios ranging from 1.76 to 12.3. White the lower value would correspond to Fe1.1Cr1_9O4, the higher values indicate a Cr rich corundum type oxide, Fei xCrx03, with an average x = 1.8. Co nsidering Raman and EDS results, it is conduded that the inner layer may be of spinel or corundum type, with varying composition, but always relatively rich in chromium. Internai oxi dation was never observed un demeath this type of scale.
On the thick nodules ( Fig. 11(b ) ), the outer layers are also Fe 2 O 3 (zone 5) and Fe 3 O 4 (zone 6). The thin intermediate layer (zone 7) is a spinel with a main Raman band at 680 cm 1 , corresponding to x = 0.3, 0.9 or 1.6. ln view of the results presented above for Fe 20Cr, the Cr richer composition is the most likely. Finalty, the inner layer (zone 8) is a spinel with a main band at 674 cm 1 . which again is interpreted as a Fei_9Cro.1O4 + FeuCr1.2O4 mixture. An oxi de+ metal mixture is apparent (zone 9) below the inner layer, but it was not possible using metaltographic observation to ascertain whether the oxide was detached from the inner layer (i.e. internai oxidation) or in continuous contact (i.e. protrusions of the inner layer into the metal). ln either case, the volume fraction of oxide was very high.
After exposure to dry CO 2 , intragranular carbides were found at scattered locations underneath the protective Cr 2 O 3 scale and the healed scale, with a penetration dept h less than 5 µm. Beneath the thick nodules, the alloy produced intragranular carburisation zones (zone 10 in Fig. 11 (b ) ), about 50 70 µm deep after 240 h, and intergranular carbides were found to great depths (see Fig. 10 ). After exposure to Ar 20CO 2 20H 2 O, however, carbides were absent below Cr 2 O 3 and the healed scale. Underneath the thick nodules, intergranular carbides were sparsely distributed, and the intragranular carbide volume fractions and penetration depths (about 30 50 µm after 240 h) were lower than observed after exposure to the dry gas.
Fe 20Cr 10Ni and Fe 20Cr 20Ni
The Fe 20Cr 10Ni and Fe 20Cr 20Ni alloys formed a protec tive oxide scale and oxide nodules of varying dimensions. The nod ules were on average thicker on the 1 0Ni allo y. lndividual nodules developed the same morphology on both alloys in both dry and wet CO 2 .
Raman analysis showed that the protective scales grown on the two alloys were Cr 2 O 3 (not shown here). Nodule constitution was studied on an Fe 20Cr 10Ni specimen reacted in dry CO 2 using SEM imaging, EDS and Raman analysis (Fig. 13 ). The outer layers consist of Fe2O 3 (zone 1) and Fe3Ü4 (zone 2), with no significant amount of dissolved chromium or nickel. lt was not possible to as certain whether a thin in termediate Cr rich layer was still present at the original metal surface. ltwas either too thin to be clearly dis tinguished, or sometimes apparent but disrupted. The inner layer (zone 4) contains at least two phases, but might have contained three; this was diffi cult to determine using SEM, because of the ex tremely fine microstructure. The Raman spectrum ( Fig. 13(c) ) re corded in the inner layer shows a broad band which could be deconvoluted into two peaks at approximately 684 and 712 cm 1 . The formerpeak can be asso ciated with either a Cr rich Fe Cr spinel [21] or NiCr 2 O 4 [25] , and the latter peakwith NiFe 2 O 4 [25] . This area is seen using EDS results ( Fig. 13(b .. to dry CO 2 , and no carbides at all after exposure to wet CO 2 . The Fe 20Cr 20Ni alloy un derwent no carburisation in any of the gases. Thickening kinetics are seen to follow approximately parabolic kinetics:
Ni
where X is the oxide thickness and k p .�x the parabolic rate con stant. The poor reproducibility of breakaway did not allow the influ ence of gas composition to be clearly determined on the basis of the k p .Fe-ox values, which are given in Table 2 . Rate constants as defined in Eq. (1) were estimated using a limited number of specimens of the three other alloys prone to breakaway oxidation; approximate values are given in Table 2 . In the case of Fe 25Cr, the kinetics were measured for both healed scales and thick nodules. In Fig. 15 , the thickness of individual nodules is plotted against their diameter. Diameter and thickness are seen to be proportional, and the proportionality constant characterising the no dule mor phology is independent of gas and alloy composition. Lateral growth kinetics may thus be approximated as: (2) where ris the nodule radius and k 1 the lateral growth rate constant (k 1 = 0.73 k p .Fe-ox for all alloys and gases).
Discussion
The evolution of oxide morphology during breakaway can be summarised as follows. Initially, a protective Cr 2 O 3 scale is formed on the alloy surface. At certain locations, Fe 2 O 3 grows on top of the chromia, and simultaneously the alloy is oxidised beneath it. Indi vidual nodules thicken and spread laterally, and then coalesce to form continuously thick Fe rich oxide scales.
The conditions underlying Cr 2 O 3 failure and nodule develop ment are examined in the following subsections.
Chromium depletion and influence of carburisation on breakaway
The chromium concentrations measured in subsurface zones of Fe 20Cr in regions of protective oxidation ( Fig. 9 ) are sensitive to the thickness of the Cr2 O3 scale located directly above, and this varied with location. In order to rationalise the results, chromium concentrations were calculated using the classical one dimen sional diffusion analysis of the depletion problem.
Chromium depletion was limited to about 5 µm, whereas the speàmens were more than 1 mm thick. Clearly, at the low experi mental temperature, Cr 2 O 3 growth is too slow for the depletion Table 2 Fe-rich oxide thickening rate constant, k p. � ox (10 11 cm 2 s 1 ). profiles generated on the opposed faces of a specimen to overlap in the time frame considered. lnterfaàal chromium mole fractions N�, were calculated on the assumption that the scale is pure Cr2O3, using the steady state equation given by Wagner [26] :
Ar-20C(½ Ar
where � r is the initial chromium mole fraction, V the molar volume ( V.110y = 7.1 cm 3 mol 1 and V er ,o, 29 cm3 mol 1 ), De, the chro mium diffusion coefficient (De, = 5.61 x 10 14 crn2 s 1 at 650 °C, extrapolated from data in Ref. [27] ), and Fa function defined by:
Oxide growth is described by the rate law:
xi,o, 2 k.p, e r,o., t
using k p , c r ,o., to denote the Cr 2 O 3 rate constant. Molar volumes and diffusion coeffiàent are assumed not to vary with alloy composi tion Since the experimental values were sensitive to the thiclmess of the oxide located directly above, k p ,er , o , values were estimated for each location using the measured oxide thickness and reaction time. Values of N� deduced from Eq. (3) were then used to calculate depletion profiles using the appropriate solution of Fick's second law of diffusion for a semi infinite solid [28] :
where x is the distance from the metal/oxide interface. The calcu lated profiles are shown as dashed lines in Fig. 9 (c e). Chromium depletion profiles recorded in carbide free zones (filled symbols in Fig. 9 (c e)) are seen to match very well the cal culated profiles. Significant changes in N� are seen to accompany local variations in scale thickness on the same specimen. The need to use local k p , er,o, values in the calculation is clear. The success of Eq. (3) in relating chromium depletion to chromia scaling rate, de spite local variations in the two quantities, demonstrates that the mass balance underlying the Equation is correct. ln other words, the composition of the protective scale does not change signifi cantly, and variations in its growth rate have some other cause. As diffusion in chromia scales at this temperature is predominantly via grain boundaries [29] , it seems likely that local variations in oxide grain size and/or shape are responsible for altered scaling rates. However, no information is available from the present work.
The observed variations in Xer,o, and N� along the scale inter face are significant. Although the steady state analysis of Eqs.
(3) (6) succeeds when applied locally, the alloy scale system as a whole is characterised by a boundary condition which varies with lateral position. Thus the system is not in a uniform steady state. Rather, it should be thought of as subject to fluc tuations which are not quickly removed. The process for their removal lateral diffusion of alloy chromium parallel to the scale interface is slow compared to chromium diffusion toward the scale, because the concentration gradients involved are smaller.
Carburisation affects the concentration profiles in that when ever it occurred, the chromium concentration is seen to be higher than the predicted value in the carbide, and slightly lower in the surrounding matrix. This merely retlects the fact that the carbides are chromium rich. However, away from the carbides, the deple tion profiles are entirely determined by the thickness of the overlaying Cr 2 O 3 scale. Depletion profiles recorded after exposure to Ar 20CO 2 20H 2 O (not shown here) were closely similar: N�, values were similar, and related in the same way to Xc,,o.,, inde pendently of whether or not carbide precipitated.
The results demonstrate that in the conditions of interest, the limited carbide preàpitation which occurs in Fe 20Cr below a pro tective Cr 2 O 3 scale does not affect chromium depletion. ln particu lar, the interfacial concentration, which is critical to the resistance of the alloy to breakaway, remains unchanged. Evidently the Cr 2 O 3 scale is a rather good (but not perfect) barrier to carbon entry into the alloy. The plate like morphology of the carbides indicates that when it formed early in the reaction, the inward carbon flux was small, allowing the relatively large chromium flux to favour precip itate growth and coalescence over new nucleation. Subsequently, the carbide plate was observed not to thicken ( over 40 120 h), indicating that no further carbon uptake was occurring in the alloy. ln the absence of precipitation beneath the carbide plate, the chro mium concentration in the matrix, and therefore the driving force for outward chromium diffusion, are globally unaffected by carburisation.
Precipitation occurs where the carbide solubility product is ex ceeded. This condition defines a distance X carb from the alloy/Cr 2 O 3 interface, below and above which no carbide is found: for x < Xcarb, Ne, is too low because of oxidation induced depletion, and for
x > X cart,, Ne is too low because carbon is almost entirely precipi tated. The critical chromium mole fraction for carburisation, Ne, .carb is determined by the interfaàal carbon activity and carbide compo sition. ln the absence of carbon activity data, Ne, .cam may be esti mated as 0.2 from the experimental profiles of Fig. 9 . Using a phase diagram of the Fe Cr C system generated with Thermo Cale [30] and the TCFE4 database, one finds the carbides forming in the depletion zone to be Cr rich M 23 0;, with ac= 8 x 10 4 at the alloy/ carbide interface. This is much lower than the value expected from thermodynamic equilibrium at the metal/oxide interface [24] , con firming that the scale provides a partial barrier to carbon entry.
Combining Eqs. 3, 5, and 6, Ne, . c arb is written: 
(8)
and Fis the function defined in Eq. (4). Eq. (7) was solved numeri cally to obtain X carb as a function of Xer,o, and t. The result is shown in Fig. 16 , together with experimental values measured on Fe 20Cr
after reaction in Ar 20CO2. The essential prediction of Eq. (7) is that as Cr2O3 grows and chromium depletion extends into the alloy, the carbide plate moves inward, and this is indeed observed experi mentally for short reaction times. It is proposed that at steady state, formation dissolution of the carbide plate is responsible for its in ward displacement and enables the global outward chromium flux to remain unaltered, thus accounting for the fact that Ne, is the same in the presence or absence of carburisation. However, this mode! fails to describe the data after 120 h reaction, where the car bide plate is formed deeper within the alloy, beneath the chromium depletion zone. The universal occurrence of extensive carburisation beneath large nodules and regions of uniformly thick Fe rich oxide shows that this material is significantly more permeable to carbon than is Cr 203, as noted by previous investigators [2 ] . The fact that exten sive carburisation was never found in the absence of Fe rich oxide, together with the observation that a number of early stage nodules had no carbide beneath them, indicates that fast carbon ingress into the alloy is a consequence of breakaway oxidation, rather than a precursor.
Freshly formed nodules were observed in regions where car burisation did not occur beneath the surrounding Cr 2 O 3 scale. Sim ilarly, in the case of Fe 25Cr, Fe 20Cr 10Ni and Fe 20Cr 20Ni, carburisation was almost completely absent below the protective Cr2O3 scale, but the alloys formed Fe rich oxide nodules (see for example Fig. ll(a) ). Thus chromium rich carbide precipitation is not a necessary condition for breakaway.
Giggins and Pettit [2] found that at 900 °C, a mode! Fe 15Cr al Joy formed a protective oxide scale in 0 2 , but produced a rapidly growing Fe rich oxide scale and in ternai carbides in CO 2 . Further more, precarburisation and subsequent exposure to 0 2 also re sulted in breakaway, with the same rate and morphology as in CO 2 . The authors concluded that carbide precipitation Jessened the outward chromium flux and prevented external Cr 2 O 3 growth. However, their precarburisation experiment produced a situation of massive internai carbide precipitation and a heavily depleted al Joy matrix.
In contrast, Fe 20Cr reaction in CO 2 at 650 °C is found here ini tially to Jead to Cr2O3 formation and only limited carburisation, Jeaving an outward chro mium flux suffi cient to sustain the scale growth. This protective behaviour is thus expected to be main tained under steady state conditions, that is, as long as the scale permeability to oxygen and carbon is unaltered, and as long as it remains mechanically intact. Nonetheless, the alloy ultimately went into breakaway. An Fe 20Cr specimen from the same alloy batch used for CO 2 reaction was reacted in dry air at 650 °C for 336 h, and did not suffer breakaway. Clearly then, breakaway in CO 2 must be accelerated by carbon, although carbide precipitation beneath Cr 2 O 3 is not of itself a suffi cient condition. Further discus sion requires the conditions for Cr 2 O 3 failure to be defined.
Breakaway follows from the alloy's inability to maintain growth of the protective scale. The case of Cr 2 O 3 forming alloys has been extensively discussed, for example in Refs. [18 20 ]. Chemical fail ure occurs when the chromium activity at the alloy/Cr 2 O 3 interface is Jow enough for the reaction: (10) to proceed. Since the chromium concentration invo lved is small, the sol vent iron is approximated as pure ( ar,, = N r,, = 1 ), and the Jaw of mass action for reaction (10) is written:
where ôrc;? is the standard free energy of formation of oxide i, and ô� the excess free energy of mixing for chromium solution in the metal matrix. The critical chromium atom fraction for Cr 2 O 3 stabil ity, Nê,, is thus calculated from standard free energies [31] and dis solution data [32] to be 12 x 10 5 at T = 650 °C To sustain selective chromia formation, it is necessary that Cr 2 O 3 be both thermodynamically and kinetically stable. Wagner [26] showed that the condition for an alloy chromium flux suffi dent to maintain exclusive chromia growth is met if application of Eq. (3) yields values of N�, 2: O. Thermodynamic stability further requires that N� 2: Nê,; these requirements are essentially the same given the value of Nè,. In ail cases where a protective chromia scale is retained, then by definition the condition is met. Evaluation of N� is nonetheless useful, as it provides a guide as to how close an alloy might be to breakaway. In the case of Fe 20Cr reacted in dry CO 2 , Eq. (3) yields N� (6.9 ± 4.6) x 10 2 , where the average and standard deviation were calculated from a large number (84) of experimental Xe,, o, values, measured after 40 240 h of reaction. The surplus of chromium is variable and sometimes small. Similar values were obtained from specimens reacted in wet CO 2 . In the case of Fe 25Cr exposed to both dry and wet CO 2 , values of N� cal culated from local Xer,o, and Eq. (3) were about 10 15 at.%, in rea sonable agreement with EDS measurements (not shown here), and far above the critical value, Nè,. In the case of the temary alloys, meaningful values of Der are not available, because short circuit (grain boundary and dislocation) diffusion prevails at the Jow reac tion temperature of 650 °C [33 ] . Indeed, the 10Ni alloys possess a fi ne a + y structure, and in the fully austenitic 20Ni alloys, the ef fects of cold working in the subscale region are likely to be still present at 650 °C [34] . In the absence of De, values, no estimate of N� is possible.
Under steady state conditions then, the Fe 20Cr alloy is in some locations heavily depleted, but the Fe 25Cr alloy only mod erately so. Nonetheless, both alloys suffered short term break away. It is recognised that the diffusional steady state described by Eqs. (3) (6), and experimentally observed in Fe 20Cr and Fe 25Cr (e.g. Fig. 9 ) is predicted to endure until depletion reaches the specimen center. As alloy depletion zones were very shallow ( e.g. Fig. 9 ), such an outcome was remote under the conditions con sidered here. Thus steady state chromia scale growth, once estab Jished, is predicted to remain in effect within the experimental time frame. Clearly, this prediction failed for the alloys examined here.
Scale cracking or spallation can expose the depleted alloy to the reacting gas. Reformation of chromia at the relatively fast rate typ ical of initial growth causes an increase in the outward chromium flux, and N i Cr first decreases before returning to the steady state va lue [35] . If N i Cr falls below N Ã Cr during the transient stage, chemical failure occurs.
No steady state description can encompass the onset of break away. However, examination of Eq. (3) reveals that the steady state description loses applicability if k p;Cr 2 O 3 changes, leading to a change in the boundary value and, by definition, a change in the reaction state. As discussed already, k p;Cr 2 O 3 varies with position on the same specimen, and fluctuations in chromia growth rate must therefore be considered. Although the origins of these fluctu ations are obscure, their consequences can be anticipated. Locally increased scaling rates can accelerate mechanical failure of the scale as growth stresses rise with increasing scale thickness. The lower value of N i Cr induced by faster scaling means that scale crack ing or spallation can allow gas access to a more heavily depleted alloy surface which cannot then repassivate. More simply, a suffi cient increase in k p;Cr 2 O 3 will render the scale kinetically unstable, because of limited alloy diffusion. In the case of Fe 20Cr, the N i Cr values calculated from Eq (3), (6.9 ± 4.6) Â 10 2 , are close to the critical value. It is concluded that fluctuations in scaling rate can lead to breakaway, either through exceeding the alloy's capacity to supply chromium to the scale or by accelerating mechanical failure.
The effect of carbon on the breakaway process is obviously of interest. As already established, the limited carbide precipitation seen beneath Cr 2 O 3 does not affect the kinetic stability of the pro tective scale during steady state growth, because carbide dissolu tion releases chromium. During the transient stage following Cr 2 O 3 failure, while the demand for chromium is increased, the presence of a carbide plate in the depletion zone may reduce the chromium flux to the alloy surface if carbide dissolution is not instantaneous. However, in most cases examined here, carburisa tion of the alloy was seen not to be a necessary condition for break away. Nevertheless, since the onset of breakaway in CO 2 is greatly accelerated compared with the process in dry air, carbon must play some part in changing scale properties and/or k p;Cr 2 O 3 .
No direct information is available from the present work for the mechanism of carbon entry into growing chromia scales. It is known [36] that the solubility of carbon in Cr 2 O 3 is negligible. In light of this, the observation of carbide formation beneath chromia scales grown on both pure chromium and Fe Cr alloys led to the proposal [37, 38] that carbon penetrated the scales as molecular species (CO/CO 2 ) along grain boundaries. As scale growth is sup ported by grain boundary diffusion, alterations to k p;Cr 2 O 3 can result from direct diffusional interactions, or indirectly from changed grain size and/or shape. In addition, the presence of carbon bearing species on grain boundaries could affect the scale mechanical properties, rendering it more susceptible to fracture. Information on the form and location of carbon is lacking, and these possibili ties cannot be explored further at this time.
Morphological evolution during breakaway
Fe 20Cr
An early stage of Fe rich oxide growth on Fe 20Cr is seen in Fig. 3 . Beneath the nodule lies a Cr rich oxide layer which appears to be continuous with the surrounding, protective Cr 2 O 3 scale. In fact, this layer evidences quite different behaviour at the nodule centre and its periphery. The depletion profile recorded below the outer part of the small nodule, marked by the left hand arrow in Fig. 3(a) , is shown in Fig. 9 (e). No significant difference is seen between it and other profiles plotted in the same graph, which were recorded underneath the protective Cr 2 O 3 scale, away from any Fe rich nodule. Thus, the concentration profile is not affected by the presence of the nodule; in particular, the chromium concen tration is low below the metal/oxide interface, despite the fact that the outer layer located directly above is pure iron oxide (Fe 2 O 3 ). This apparent contradiction with local mass balance shows that the morphology of the small nodule is transient, of course, and that outward iron diffusion across the metal/oxide interface to form Fe 2 O 3 occurred only in the centre of the nodule, at a location where the chromia layer had lost its protective character. Furthermore, internal Cr rich spinel particles were found below the centre of the nodule, although a Cr 2 O 3 layer appeared to be present at the metal surface (#3 in Fig. 4 ). Since Cr 2 O 3 is inherently more stable than the spinel oxide, local thermodynamic equilibrium along a p(O 2 ) gradient would preclude internal spinel precipitation under neath a true Cr 2 O 3 layer. This observation also reflects the transient nature of the nodule, and that inward oxygen diffusion to form the internal oxide occurred only beneath the nodule centre, where the Cr rich layer was no longer protective, and the local oxygen activ ity had increased.
Halvarsson et al. [39] made very similar observations in a study of 304L steel (18.5 wt.% Cr) oxidation in O 2 H 2 O at 600°C, and their TEM observations coupled with chemical analysis and diffrac tion studies allowed a more precise characterisation of the oxide phases. Away from the nodules, the protective scale was a Cr rich corundum type oxide. In regions of breakaway oxidation, the inter mediate oxide layer continuous with the protective scale also had a corundum structure, and contained more chromium than the sur rounding inner and outer scales. Its chromium content abruptly dropped along the original metal/oxide interface, toward the nod ule centre. At the nodule centre, in a 1 2 lm wide region, the chro mium content was as low as 40 wt.%, and the oxide had a spinel structure.
The mechanism of breakaway oxidation may then be under stood as follows: initially, the alloy surface is covered by a protec tive Cr 2 O 3 scale, which generates a subsurface chromium depleted zone. Failure of the Cr 2 O 3 scale occurs locally, either in a mechan ical way such as cracking, or by fluctuations in k p;Cr 2 O 3 , leading to chemical failure. The chromium depleted alloy is exposed to the atmosphere and, unable to reform Cr 2 O 3 , produces spinel oxide. Töpfer et al. [40] showed that the iron tracer diffusion coefficient was about 3 orders of magnitude higher than that of chromium over a range of oxygen activity in Fe 3 x Cr x O 4 spinels, with 0 < x < 0.4, at 1200°C. This observation is likely to hold, at least qualitatively, at the lower temperature of the present work. Thus, the outward cation flux across the newly formed spinel oxide con tains mainly iron, and an outer Fe 2 O 3 layer is formed. As a further consequence of spinel formation, the interfacial oxygen activity rises locally, and oxygen permeability reaches a value where out ward chromium diffusion from the depleted alloy is not sufficient to prevent internal precipitation of Cr rich spinel.
At first, the counterflows of iron and oxygen are located in the centre of the nodule, and the nearby alloy is not affected. The pro cesses described above produce a subscale alloy matrix at local equilibrium with the spinel precipitates. Consequently, the interfa cial chromium activity is too low to stabilise Cr 2 O 3 . As oxygen dif fusion into the alloy is inward but also lateral, internal precipitation and conversion of the Cr 2 O 3 layer to spinel oxide spread laterally. Since fast iron and oxygen diffusion across the originally protective layer is limited to a central region, whereas the inner and outer parts may grow in all directions, the nodule as sumes an elliptical shape. Then, as oxygen diffuses inward, the depth of the internal oxidation front increases, while the metal ma trix surrounding the internal Cr rich spinel particles is subse quently oxidised into an Fe rich spinel, forming the two phase inner oxide layer. Fast outward iron diffusion results in the forma tion of Fe 3 O 4 beneath the first formed Fe 2 O 3 . Continued nodule growth is proposed to occur by outward iron diffusion along a Fe gradients, which are defined by the iso a Fe lines, themselves deter mined by the nodule shape. On this basis, the protective Cr 2 O 3 scale is expected to be surrounded by the laterally growing nodule, as shown in Fig. 17 . The high iron activity in the outer and inner oxides destabilises Cr 2 O 3 , which is converted to Cr rich spinel. A steady state is thus arrived at, where the elliptical shape is main tained. Describing lateral and vertical growth with the same so lid state diffusion process qualitatively accounts for the fact that lateral growth is parabolic, with a rate proportional to the thicken ing rate (Fig. 15 ). Nodule growth and overlapping event ually re sults in the uniformly thick scales typified by Fig. 6(a) .
The volume fraction of internai oxides was very high (/v--0x = 0.7 ±0.1). ln particular, it exceeded the value measured by Rapp [41] for the transition from internai to extemal oxidation of Ag ln alloys at 550 °c, fv--0x 0.3. The oxides form such a dense precipitation zone rather than a continuous layer because they are produced by in situ oxidation of preexisting internai carbides [3.42] . Extensive carburisation beneath the Fe rich oxide nodules and scales causes massive chromium depletion in the alloy matrix, and carbide dissolution cannot sus tain the chromium fl ux required to reform a Cr rich layer at the base of the scale [2] . Thus whilst internai carburisation is a consequence, not a cause, of the onset of breakaway, subsequent oxidation of the carbides permanently immobilises the chromium, making scale rehealing impossible. Iron rich oxide formation, together with in situ oxidation of chro mium (in the form of internai carbides, internai oxides and Cr rich oxide particles in the inner scale), are thus maintained in a steady state of fast reaction.
Fe 20Cr 1 ONi and Fe 20Cr 20Ni
Nodules grown on Fe 20Cr 10Ni and Fe 20Cr 20Ni were mor phologically similar to those found on Fe 20Cr. The composition of the inner layer was different, as it contained nickel, and internai oxidation was suppressed. A reaction mechanism similar to that discussed above for Fe 20Cr is thought to apply for the 20Cr ter naries. After the protective Cr2O3 scale fails and oxygen starts dif fusing inward, the most stable spinel FeCr 2 O 4 is first formed. The surrounding Cr depleted matrix is then oxidised, producing Ni Fe2O4 instead of Fe3Ü4. Since nickel ferrite is inherently Jess stable than magnetite, as seen from standard free energies [31] , its forma tion reflects a local increase of the Ni/Fe ratio at the metal/oxide interface, relative to the bulk alloy, as a consequence of outward iron diffusion to form the outer oxide layers. This nickel enrich ment is, however, too shallow to be detected by SEM EDS (Fig. 13 ). Thermodynamic data for the quaternary Fe Cr Ni O sys tem were not available to the present authors, which further hin ders a quantitative discussion of the reaction morphology, in particular the absence of internai oxidation.
However, the results can be rationalised qualitatively. No intra granular carbides were formed in the ternary alloys beneath the Fe rich nodules, probably reflecting the fact that the inner layer,
Cr-rich nodule envelope spinel aFe gradients consisting of FeCr 2 O 4 + NiFe 2 O 4 , was a better barrier to carbon than the Fe rich + Cr rich Fe 3 x Cr x 0 4 mixture formed in Fe 20Cr. A di rect comparison of carbon permeability may not be made because the carbon solubility differs between the binary and ternary alloys. Nonetheless, it is clear that the absence of internai carbide in the temary alloys favoured external over internai oxidation.
The overall nodule growth rate was seen to decrease with alloy nickel concentration ( Table 2 ). The explanation was provided by Croll and Wallwork [43] , who showed that reduced rates were due to nickel enrichment in the scale, and to the fact that NiFe 2 O 4 was a slower cation diffuser than the nickel deficient Nixfe 3 xO 4 .
Fe 25Cr
Failure of the protective Cr 2 O 3 scale on the Fe 25Cr alloy re sulted in two types of oxides: thick Fe rich nodules near the edges of the speàmens, and "healed scale" on the specimen faces, con taining a Cr rich inner layer, of either spinel or corundum type. Whittle and Wood [20] reported similar scale morphologies after breakaway of an Fe 18Cr alloy at 800 1200 °C in air. Near the speàmen edges, the high surface to volume ratio, and/or signifi cant spallation, results in severe chromium depletion and forma tion of the Fe rich scale, with a mechanism similar to that proposed for Fe 20Cr. Away from the edges, the chromium con centration at the Cr 2 O 3 /alloy interface is quite high (10 15 at.% as determined from Eq. (3)) and enables the formation of a Cr rich oxide after localised failure of Cr 2 O 3 . At low p(O 2 ), the diffusion coefficient of both iron and chromium decreases with increasing chromium content in the Fe Cr spinel oxide [40] . The formation of a Cr rich, "healing" layer at the ba se of the scale, accounts for the low scaling rate, as compared to that of the Fe rich thick nod ules. Furthermore, the healed scale was seen to be a relatively good barrier to carbon, preventing carburisation ( Fig. 11( a) ). Thus, chro mium diffusion in the alloy toward the metal/oxide interface is not hindered, and the relatively protective morphology is maintained.
Fe 25Cr 1 ONi and Fe 25Cr 20Ni
Although the 25Cr temary alloys formed some oxide nodules in addition to Cr 2 0 3 , their size and surface coverage were much lower than for the other alloys. The constitution of these nodules was not studied, as none were seen in the cross sections prepared. None theless, as separate additions of ch romium or nickel to the Fe 20Cr alloy each resulted in slower scale growth, it may be assumed that simultaneous additions of both caused further reductions in the growth rate, so that nodule development was drastically limited.
Influence of water va pour
Additions of H 2 O(g) had no significant effect on the extent of nodule formation on Fe 20Cr 10Ni and Fe 20Cr 20Ni, but accel erated the onset of breakaway oxidation for the binary alloys. Chromia scales are known [9 12 ] to grow faster in the presence of H 2 O(g), but this could not be verified in the present work, as dif ferences in Cr 2 O 3 scale thickness between dry and wet CO 2 were not more importa nt than local variations on a given specimen.
Water vapour had no signifi cant effect on carburisation of the Fe 20Cr alloy. However, in the case of Fe 25Cr and Fe 20Cr 1 0Ni, the extent of carbide precipitation was decreased by H2O(g) additions. Ali types of carburisation morphology were af fected: intergranular precipitation, formation of plate like carbides beneath Cr 2O3 and extensive precipitation beneath iron rich nod ules and scales. A reduced carburisation rate in the presence of H 2 O(g) was reported earlier [24] for an Fe 9Cr alloy reacted in dry and wet CO 2 at 650 °C. The effect of H 2 O(g) was interpreted in terms of preferential uptake and/or transport of H bearing mol ecules over C bearing species.
Since carburisation was reduced by H 2 O(g), the reason for accel erated breakaway in wet CO 2 appears to be unrelated to carbide precipitation. Analysis of nodule development kinetics is needed in order to gain insight into the influence of H 2 O on breakaway oxi dation; this is addressed in a companion paper [22] .
Conclusions
All alloys developed Cr 2 O 3 scales in both dry and wet CO 2 mix tures, but long term (336 h) protection was achieved only in the case of Fe 25Cr 10,20Ni ternaries. Breakaway oxidation of Fe 20Cr, Fe 20Cr 10Ni, Fe 20Cr 20Ni and Fe 25Cr resulted from the nucleation and growth of iron rich nodules. Higher chromium levels sometimes permit formation beneath the nodules of a heal ing oxide layer relatively rich in chromium, which slows the local corrosion rate. Nickel additions lead to formation of NiFe 2 O 4 in the nodule inner layers, where this phase acts as a block to diffusion, also slowing reaction.
Carburisation observed beneath large nodules on the ferritic al loys is a consequence, and not a cause, of iron rich oxide growth. The increase in carbon uptake is attributed to a carbon permeabil ity which is greater in the iron rich oxide than in the chromia it replaces.
Chromia scale growth is accompanied by alloy subscale deple tion in chromium. Measured chromium concentration profiles re flect the diffusional properties of the alloy, and are unaffected by the presence in the depletion zone of limited amounts of chro mium rich carbide. Interfacial chromium concentration values, N i Cr , are in agreement with predictions of Wagner's theory, con firming the establishment of a kinetic steady state.
Fluctuations in local chromia scaling rate are reflected in vary ing scale thickness and values of N i Cr . These fluctuations can lead to breakaway, either through exceeding the alloy's capacity to supply chromium, or by accelerating mechanical failure of the scale. Sub sequent increases in the oxygen activity at the alloy oxide inter face lead to outward diffusion of iron to form iron oxide, and conversion of the chromia to spinel. These changes spread laterally from the initiation site.
Carbon accelerates the onset of breakaway compared with the situation in dry air. This effect is attributed to carbon entry into the chromia scale, probably along its grain boundaries, where it can affect grain growth, boundary diffusion and scale mechanical properties.
